Innate responses are often sexually dimorphic. Studies of female specific behaviors have remained niche, but the focus is changing as illustrated by the recent progress in understanding the female courtship responses and egg-laying decisions. In this review, we will cover our current knowledge about female behaviors in these two specific contexts. Recent studies elucidate on how females process the courtship song. They also show that egg-laying decisions are extremely complex, requiring the assessment of food, microbial, predator and social cues. Study of female responses will improve our understanding of how a nervous system processes different challenges. 
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Introduction
Males and females play distinct roles within a given species and differentially contribute to its reproductive success. In this regard, the responsibility of the female Drosophila melanogaster is to decide with whom to mate and, once fertilized, where to lay her eggs. For the duration of her adult life, she will have to make many critical reproductive behavioral choices: female flies are known to mate up to six times in nature [1] and may lay up to 80 eggs a day [2] . The female's decision of where to lay eggs is critical for the survival of offspring given the challenges presented by life in nature.
Mating and egg-laying are sexually dimorphic innate behaviors and most of the neurons composing these circuits are under the developmental control of the master regulator genes fruitless ( fru) and doublesex (dsx). A major goal in the past years has been to identify the roles played by these molecularly defined neuronal populations in sex specific behaviors. Reviews on this topic have been recently published [3 ,4,5,6,7] . Here we will emphasize the behavioral perspective of female responses in the specific contexts of sexual interactions and egg-laying.
Female responses to a courting male
During courtship, males and females display their qualities while analyzing the value of the potential mate. In flies, the male initiates courtship and the female decides whether or not to mate. Upon encountering a potential courtship partner based on visual and chemosensory cues, the male taps the partner's abdomen to assess its desirability [8, 9] . The male will then follow the female, extending a wing and vibrating it to generate the courtship song. Next, the male taps and licks the female before attempting copulation [8, 10] . The behaviour exhibited by the female is less evident. The female reacts to the male's overtures by displaying behavioral modules that vary in type and frequency, according to her receptivity state. Yet, females often attempt to escape as a first reaction to the male's courtship, regardless of her state. Decamping is then one of the most common responses exhibited by the female [11, 12] . She may additionally react by flicking the wing [8, 11, 12] and curling the abdomen downwards to prevent genital contact [12] (also referred to as depressing or elevating the tip of the abdomen [11] and twisting [8] ). When stationary, she occasionally responds by kicking with her hindlegs [8, 12, 13] , extruding the ovipositor [8, 13] or fending [12] , if the male approaches from her side. Before copulation occurs she exhibits decreased locomotor activity [14] [15] [16] [17] 18 ] and increases the frequency of abdominal grooming [16, 19] (Figure 1 ). Despite our lack of knowledge of the female's intention while displaying these behaviors, they have been generally assumed as being 'repelling behaviors' [8, 11, 12] . In fact flicking the wings, kicking, fending and decamping are reminiscent of aggressive interactions.
The fact that most (if not all) of the above mentioned behavioral responses are displayed by both receptive and unreceptive females have made their interpretation difficult to grasp, despite all the attempts in the last decades [8, 12, 16, 19] . Furthermore, each of these behavioral elements is not executed in a fixed action pattern. There is a dynamic interaction that is established between the two partners suggesting that the female is not simply a passive agent during courtship [20] . grooming prior to successful copulations [16, 19] . However, it is not clear if it is executed to disperse cuticular compounds [19] or as a consequence of decreased locomotor activity. Locomotor activity of the female fly has been the most reliable indication of the female's willingness to copulate (Figure 1 ) [14] [15] [16] [17] 18 ]. As courtship proceeds, the female spends less time walking and more time grooming [16] . The decrease in locomotion before copulation reflects both increased pausing (in part due to activity in abdominal-B neurons) [17] and decreased walking speed (with contribution from apterous neurons) [15] . Though decreased locomotion correlates with readiness to copulate, unreceptive females with restricted locomotion do not copulate [18 ] .
Immature female responses
The onset of female receptivity takes place 48 hours after emergence from the pupal case. Female flies younger then 48 hours are unreceptive but are courted at high levels [17, 18 ] . The predominant rejection mode of immature virgin flies is running and reduced pausing [12, 17] . They also occasionally display wing flicking but at no time do they display ovipositor extrusion [17, 18 ].
Mated female responses
Once copulation has occurred, female flies become unreceptive until the female reproductive tract gets depleted of live sperm, after Behavioral components of courtship in the female fly at different receptivity states. Depiction of the behavioral modules exhibited by immature virgin, mature virgin and mated females [8, [11] [12] [13] [14] [15] [16] [17] [18] [19] . Flicking the wings -wings undergo one or several lateral flicks -curling -the female curls the tip of the abdomen downwards -decamping -the female runs, jumps, or flies away -kicking -she kicks backwards with her hind legsfending -the female extends her leg on the side such that she keeps an individual distance from the other flies -grooming -the female grooms her abdomen -decreased locomotion -the female slows down prior to copulation -ovipositor extrusion -the female pushes the vaginal plates posteriorly so that they project from the tip of the abdomen as a tube-like structure.
positive neurons expressing either the neuromodulators octopamine [30] or myoinhibitory peptide [31 ] . It is unclear how these neurons control the specific changes in responses of a mated female to male courtship. Mated flies display mainly ovipositor extrusion in response to courtship [12] . This response is regulated by the dsx-positive pC2l neurons in the brain [32] . Ovipositor extrusion appears to have an inhibitory effect on courtship [[31 ]], though some extrusion displays are followed by attempted copulation [12] . Ovipositor extrusion executed by a receptive virgin female does not appear to have an inhibitory effect on courtship. The difference in the effectiveness of the ovipositor extrusion according with the mating status may be associated with it being executed partially or fully [19] , or with the ovipositor acting as a carrier of chemosensory signals that inform the male of the female's mating status. Determining the significance of ovipositor extrusion will require further studies. Mated females also have a specific locomotor response. Fertilized females do not display high walking speed, as immature females do, but show a positive correlation between the song amount and their speed, in contrast to mature virgin females [15] .
Female assessment of the male
The main tasks a female has to perform as she is courted by the male is to recognize if the animal approaching is indeed a male, if it is from the same species and if it is a fit male.
Gender recognition is in part processed by the olfactory system. The male pheromone cis-vaccenyl acetate activates a sexually dimorphic fru-positive circuit that in the female leads to increased receptivity [33] [34] [35] . Continued exposure to cis-vaccenyl acetate leads to increased sensitivity to the pheromone and increased receptivity in females [36] . The gustatory system also plays a part in gender recognition although the underlying circuit is much less clear. The level of receptivity of a female is proportional to the amount of cuticular hydrocarbon 7-tricosene (7-T) a male carries [37] . The 7-T receptor GR32a, however, is not required in females for receptivity [38, 39] . Even more puzzling is the finding that activity in taste neurons on the legs defined by the expression of the ion channel ppk25 is required for female receptivity [40] . ppk25-expressing neurons respond to female pheromones but do not respond to known male pheromones. It remains to be established which stimulus these cells recognize that is important for receptivity.
Courtship song is a prominent element in the courtship of Drosophila that carries important information about the male. Its relevance is illustrated by the large drop in mating when the male has no wings [17, 20, 41] or the female has the auditory organ disabled [37, 42, 43] . Furthermore, the male dynamically adjusts song features according to speed and distance to the female [15, 44] .
The courtship song is produced in bouts composed of pulse song and sine song (Figure 2a) . The sine song is a humming sound of about 160 Hz [45] . The pulses are generated in trains of varying length, with a speciesspecific inter pulse interval (IPI) [46, 47] . Playback of pulse song of different IPIs over wingless courting males reveals that females are more receptive when the song is played with a conspecific or heterospecific IPI as opposed to IPIs out of natural ranges [48, 49 ]. Conspecific bias is observed with prior exposure to conspecific IPI that leads to a significant drop of response to heterospecific IPI but not the other way around [49 ] . Both sine and pulse songs are correlated with a reduction of locomotor speed in sexually receptive females [15, 50 ] . Song is perceived via mechanosensory neurons in the antennal Johnston's organ (Figure 2b ) [51] . Sound-responsive Johnston's organ neurons have their axons projecting to specific areas of the antennal mechanosensory and motor center (AMMC), named zones A and B [43, 52] . These target zones are closely associated with the ventrolateral protocerebrum (VLP) [53] . In accordance, two fru-positive classes of AMMC neurons, aPN1, that connect the AMMC with the lateral wedge of the VLP and aLN (al), a local GABAergic interneuron, were shown to mediate the detection of conspecific song [54] . Whether these neurons are also necessary for the female to decrease her speed is unknown. A study analyzing how song is decoded based on recordings of second order auditory neurons and a large set of behavioral responses showed that the female is sensitive to song structure in the order of tens of seconds (a timescale that exceeds that of the IPI) [50 ] . Song bout duration is the feature that correlates with reduction in female speed in receptive flies [50 ] . Centrally, song activates a cluster of dsx-positive neurons, pC1 neurons, leading to higher receptivity [55 ] . Multimodal presentation of song and pheromone signals activates synergistically pC1 neurons suggesting they are a site of multimodal integration. It would be interesting to determine how activity of song responsive neurons modulates activity of neurons that affect female locomotion during courtship like apterous and abdominal-B neurons [17, 18 ].
Visual information is not essential since blind females mate [18 ,56] . However, females use visual cues for copying the mate choice of other females [57] . Mechanosensory signals generated by male abdomen may play a role but are unexplored [58] .
Other neurons whose activity impacts female receptivity are SIFamide, spinster and painless neurons [59] [60] [61] [62] . Further studies should elucidate their role and connectivity to other neurons described in this section so as to map a circuit of female receptivity.
The responses of the female fly to male courtship are genetically programed yet they vary deeply depending on the age and experience of the female. These responses constitute an excellent opportunity to explore behavioral modulation.
Egg-laying behavior
After mating, there is an increment in the maturation of the eggs in the ovaries and a marked increase in eggs laid [21, 63] . Female flies do not display maternal behaviors so the decision of where to deposit eggs is critical in promoting survival of the offspring. The offspring needs to be fed, protected from environmental elements and from predators.
Females lay eggs in a structured set of actions that initiates with foraging for the egg-laying site. To lay an egg, a fly will bend the abdomen to the ground, extrude the ovipositor and expel the egg [64] . This ovipositor motor program lasts around 6 s. Egg expulsion is followed by 100 s of grooming and rest, named the clean and rest program. Next, the fly initiates the search-like behavior where she searches for new egg-laying sites. This step is very variable in length but most search actions take between 30 and 120 s (Figure 3) . The search for egglaying sites seems to be activated by ovulation as simulation of the egg passage by artificial distention of the oviduct is sufficient to activate search behavior [65] . Conversely, at undesirable places flies will actively suppress egg-laying [65] [66] [67] .
Cues for egg-laying site selection
The female fly needs to identify and evaluate multiple environmental cues prior to choosing its egg-laying site (Figure 4) . Interestingly, in most cases, the egg-laying site preference does not correspond to a positional preference [66,68,69 ,70,71] . Acetic acid is an egg-laying stimulant that flies otherwise avoid [66] . It is detected by the gustatory system to mediate egg-laying preference and by the olfactory system to mediate positional avoidance. The female's preference to oviposit on acetic and other acid-containing food is mediated by dedicated sour taste 
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The courtship song is a major determinant of locomotion reduction in receptive females. It is produced in bouts and contains different features that act at different timescales (a). The interpulse interval (IPI) acts on short time scale and is a species-specific feature. The amount of sine and pulse song, as well as the duration of the song bouts are features that correlate with reduced locomotion in receptive females [15, 50 ] (b). In the brain, courtship song is detected by mechanosensory neurons in the Johnston's organ (JO) at the antenna that project to zones A and B of the antennal mechanosensory and motor center (AMMC) [43, 52] . AMMC interneurons and projection neurons connecting the AMMC with the ventrolateral protocerebrum (VLP) were shown to be involved in song detection and receptivity [54] . pC1 neurons in the dorsal protocerebrum mediate courtship song detection [55 ] , though the connection between the VLP and pC1 neurons is uncharacterized.
neurons located on their tarsae and dependent on both IR25a and IR76b [72] . A duality of valence is also observed in the presence of the bitter compound lobeline [73] . Gustatory neurons expressing GR66a in the legs mediate positional aversion, whereas gustatory neurons expressing GR66a in the pharynx mediate egg-laying attraction. Flies are also selective for light in regard to egg-laying. When laying an egg, flies avoid UV light which can be sensed by R7 photoreceptor cells as well as by a H 2 O 2 -sensititve TRPA1 channel present in bitter sensing neurons on the proboscis [74, 75] . Importantly, the value of egg-laying cues is not absolute and can be modified by a number of factors. For instance, sugar was initially described as an aversive egg-laying cue but in larger arenas, where the two egg-laying choice media are further apart, flies chose to lay their eggs on sugar [64, 76] . In the latter context, the larval foraging costs are higher and females choose to put their eggs directly on sucrose.
The microbial composition of the food is a strong contributor to egg-laying cues. Flies avoid laying eggs in geosmin, an odorant that indicates the presence of harmful microbes. This avoidance is mediated by the odorant receptor OR56a [77] . The presence of pathogenic bacteria is likewise the cause for flies avoiding laying eggs in carnivore dung [78] . OR46a detects phenol produced by pathogenic bacteria and mediates this avoidance. The commensal bacteria Enterococcus faecium, on the other hand, indirectly promote Drosophila egg-laying by consuming the food sucrose and thereby creating an egglaying guidance cue in an ecological niche enriched in bacteria that aid the development of the progeny [79] .
Predator induced egg-laying avoidance
A major threat to the survival of Drosophila offspring is the parasitoid wasps of the Leptopilina genus that lay their eggs on fly larvae and pupae. Recognition of parasitoid wasps is in part olfactory [70] . The wasp female sex pheromone iridomyrmecin activates the odorant receptor OR49a in both larva and adult Drosophila. Adult Drosophila additionally coexpress OR85f in the same neurons that allows them to detect other components of the wasp volatiles. The behavioral response of larva and adults to wasp body wash matches the kind of threat wasps represent at different life stages. Larvae that are parasitized by wasp avoid wasp volatiles. Adults that are not directly harmed by wasps do not avoid wasp volatiles. Adults do avoid, however, laying eggs on a patch with wasp volatiles.
Visual recognition of a wasp is a major factor in egg-laying decision. Flies that see a female wasp will switch their preference from plain to ethanol-laden agarose [80] . This switch protects the offspring since, in the presence of wasps, proportionally more larvae hatch from the ethanol patch than from the plain patch. The behavioral change is mediated by neuropeptide F levels [80] . Additional studies identified a subset of dopaminergic neurons as neuromodulatory elements for ethanol egg-laying preference [71] . Flies also favor egg-laying on Citrus fruits that are characterized by a high content of terpenes and this preference is mediated by a single odorant receptor, OR19a [68] . Endoparasitoid wasps, on the other hand, are repelled by this compound and, by depositing eggs in terpene-rich substrates, a fly may reduce the risk of having their offspring parasitized.
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Egg-laying involves a structured set of actions. The oviposition of the egg (left) is followed by cleaning of the abdomen and resting (center) [64] . Next, the fly actively searches for new egg-laying sites where she will oviposit (right).
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Acetic acid and other sour [66, 72] Terpenes [68] Lobeline [73] Sugar [64, 76, 79] Geosmin [77] Phenol [78] UV light [74, 75] Receptor IR25a, IR76b When an alternative is not presented, females may prevent exposure of eggs to endoparasitoid by choosing when, rather than where, they lay their eggs. Exposure to parasitoid wasp females induces a general decrease in eggs laid by Drosophila females [81, 82 ] . The depression in egg-laying stems from predator-induced apoptosis at stage 7/8 egg chamber checkpoint. This depression in egg-laying remains days after a wasp sighting. However, while for the first 24 hours the response is innate, for the remaining days it requires expression of learning and memory genes and activity in the mushroom body.
Social influence on egg-laying decisions
Flies with predator-induced egg-laying depression teach naïve flies to not lay eggs [82 ] . Student flies receive a visual signal from the teacher flies' wing movement that triggers apoptosis and egg-retention behavior. This process requires learning and memory genes as well as activity in the mushroom body. The ability to teach is restricted to wasp-exposed flies. Student flies with depressed egg-laying are not able to teach naïve flies.
The preference for an egg-laying site is increased by the presence of other flies and their eggs [83] . Along the same line, the social interaction of a naïve female with females that were conditioned to avoid an egg-laying medium result in the social transmission of the egg-laying site preference to the naïve female [84] . Experimental data suggests the existence of an unidentified female cuticular hydrocarbon that may act as a pheromonal marker to indicate egg-laying sites to other females [85] . Male flies also influence egg-laying decisions. Upon stimulation with apple cider vinegar (smell of food), males deposit the pheromone 9-tricosene [69 ] . This male deposit leads to aggregation and egg-laying site-selection. The responses are mediated by the odorant receptor OR7a. Besides 9-tricosene, OR7a responds to aldehydes and alcohols that may lead to similar behavioral outcomes. Indeed, E2-hexenal, a leafy green volatile released upon fruit or leaf damage, can induce aggregation and egglaying preference. Here there may be competition between social and non-social information.
Circuits governing egg-laying decisions
The neuronal substrates of the egg-laying motor program and egg-laying decision-making are poorly described. Octopaminergic and glutamatergic neurons at the abdominal ganglion of the ventral nerve cord neurons that innervate the lateral oviduct are required for egg-laying [30, 64, [86] [87] [88] . Silencing these neurons leads to egg retention in the oviduct. A similar effect is observed when silencing ppk mechanosensitive neurons in the oviduct [65, 89] . Egg-retention can be a strategy for controlling egg-laying rate. Kurz and colleagues have shown that bacterial cell wall peptidoglycan activates an immune response in octopaminergic neurons leading to reduction in egg-laying [90 ] . In the brain, a strong correlation was shown between the activation of the female-specific dsxpositive cluster, PMN2, and initiation of egg-laying [32], though a causal relationship is yet to be established. Dopaminergic neurons and the mushroom body have been implicated in egg-laying site selection but how they are involved is still unclear [67, 71, 73] Viewed globally, egg-laying involves a complex evaluation of information about the opportunities and threats in the environment and self. It will be fascinating to learn how the nervous system compares and prioritizes the different cues to generate a command to lay an egg.
Conclusion and future perspectives
Learning about female innate behaviors offers a tremendous opportunity to improve knowledge about the neurobiology of innate behaviors as females and males face different challenges.
Most of the current advances in the field of neurobiology of innate behaviors are based on the endpoint of the behavioral response. In this review we present the complexity of these behaviors to argue that we could get a deeper understanding were we to consider all the elements of the behavioral response. This kind of approach is made feasible by progress in animal tracking and quantitative behavioral analysis methods [91] [92] [93] [94] [95] .
Innate behaviors are genetically programmed and therefore mostly hardwired. But innate behaviors are also flexible, as they are modulated by the internal state, and environmental and social cues. Understanding how this modulation is implemented and how the different drives, such as sexual, feeding, egg-laying and aggression, affect each other are the outstanding questions that should be addressed in the future.
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